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DEACTIVATION AND ACTIVATION OF IMPURITIES IN SILICON

K. D. Glinchuk and N. M. Litovchenko

ABSTRACT &I é §é

Investigation of the effect of annealing in the range Z!Jg;*
from 800 to 1200°C on the electrical behavior of impurity
atoﬁs of Au, Zn, Pt, S, and Fe in silicon semiconductors.
Annealing at 800°C is found to make such impurities in-
active, suppressing their effects on silicon photoconduc-
tivity and electron and hole concentrations. The effects
are restored by annealing at 1200°¢. Changes in solubility
of these impurities in silicon and shifts in their diffusion
direction at different temperatures are seen to be major
factors in the mechanism of the phenomenon. (1LL£il&
Tmpurities in semiconductors may be found in active and paésive states
(ref. 1). When in an active state, they create a spectrum of energy levels
in the forbidden zone which affects the concentration of equilibrium elec-
trons (n, and po) and the lifetime of nonequilibrium electrons (T,) and holes
(Td). In an inactive state, these impurities do not create any energy levels,
that is they do not affect the electrophysical properties of semiconductors.
The investigation described in this article involved a study of the change
of Au, Zn, Pt, Fe and S impurities in silicon from an active to an inactive
state, and vice versa.

*Numbers given in the margin indicate the pagination in the original foreign text.
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The Investigation Methods
A study was made of impurities whose concentration N aslol6—lol7 cm™3 was
introduced by the diffusion method at a temperature of 1200-1250°C (DlEOOOC Y

6 8 cm/sec
-107° (refs. 2 and 3) into n- and p-type single-crystal silicon samples
3

10°
whose conductivity was determined by a slightly ionized donor (Nd = no) or
acceptor (Na = po) impurity. The impurities were diffused in unsoldered quartz
ampoules from a vapor phase (S, Zn), from an electrolytically coated metal
film (Zn, Fe) or a pulverization in a vacuum (Au, Pt).l After the diffusion
the samples were case-hardened by dropping the ampoules into oil.

To change the state of the impurities under investigation, the samples
were annealed at different tem.peratures.2

The change in the concentration and state of the impurity can be Judged
by watching the change in the concentration and lifetime of the current car-
riers, inasmuch as the investigated Au, Zn, Pt, Fe and S impurities create a
spectrum of donor and acceptor levels El,2 in the forbidden zone of the silicon
(fig. 1) which have a considerable effect on these parameters (refs. 2, 3 and
6).

The surfaces of the samples were polished and etched at 0°C in a mix- /173
In

ture consisting of 1 part HF + 1 part CH_COOH + 2 parts 98 percent HNO

3 3"
this case, a 500 mp layer had to be removed from the surface of the sample

inasmuch as it was found to have a higher conductivity than the rest of the

The time required for the complete deactivation of a sample by an impurity can
be determined by the following formula t ashd2/n2D, where d is the thickness
of the sample (ref. k).

2The change in the concentration and lifetime of the current carriers in the
heat-treated control samples is similar to the one described in reference 5.
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Figure 1. Donor (-e-) and acceptor (-)

levels produced by impurity atoms of Au

(ref. 2), Zn (ref. 2), Pt (ref. 6), S

(ref. 3) and Fe (ref. 2) in silicon.

Energy level spectrum corresponds to

various charged states of impurity atoms.
sample after the heat treatment (see below). The contacts were made from Au +
1 percent Sb and Zn + 20 percent Ga alloys for n- and p-type silicon, respec-
tively.
Discussion of the Results

1. Deactivation of impurities. Shown in figure 2 (curves 2 and 3) are

the typical data illustrating the change in the concentration of the current
carriers and their temperature dependence as the Au, Zn, Pt, Fe and S im-
purities change from an active to an inactive state. The concentration of cur-
rent carriers in the initial samples (curvesl) is determined by slightly
ionized impurities, and is practically constant in the time interval under in-
vestigation. After the diffusion of the impurities (curve 2), the concentra-
tion of the current carriers is brought about by the ionization of the E, level

1
which is partially compensated by the slightly ionized impurity (0 < N, < N for



i, o
5§77

7 2 &

e

Figure 2. Temperature dependence of concentration of
equiponderant current carriers in silicon on impurity
atoms of Au (a), Zn (b), Pt (c), S (d) and Fe (e).
1, Original samples (a, d, e of p-type, and b, ¢ of
n-type; 2, after introductionof impurity (a, b, c, e
of p-type, and d of n-type); 3, after deactivation of
impurities (a, d, e of p-type, and b, ¢ of n-type);
L, after activation of impurities (a, b, c, e of p-
type, and d of n-type).
Au, Fe and S. and 0 < Nd‘< N for Zn and Pt),l hence, its exponential dependence

on temperature (ref. 1). For Au and Fe impurities

!
2

£l
Po = W—”—f_ - Qe KNy N—N:

for Pt and Zn impurities

NN
p.“ Avd »

o
Qe TLNe N—Ng

We should point out that during the introduction of Zn and Pt atoms into the
p-type high-resistance samples we observed a similar temperature dependence

D This is indicative of a partial compensation in them, E o by the Zn and

0"

Pt interstitial atoms which, unlike the main atoms, are of a donor nature.

L



for S impurities
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The annealing of such samples at 800°C (curves 3) resulted in a change/17h

of the magnitude and temperature dependence of n_. and po. It appears that after

0

such an annealing within this temperature range n,. and po are determined by

¢}
slightly ionized impurities. A comparison of these samples with the initial
ones {curves 1) shows that there is practically no difference between them.
Figure 3 (curves 2 and 3) contains typical data illustrating the change
in the lifetime of Ton = Te + Ty and its temperature dependence measured by the
modulation of the stationary photoconductivity itself (ref. 7) during the
change of the Au impurity from an active to an inactive state. In the initial
samples (curve 1) the lifetime is determined by residual impurities or defects
of an unknown origin (Tén A~ 100-20 Wsec), and its dependence on temperature
is limited. After the introduction of the Au impurity into the p-type samples
(curve 2) through the high-speed capture of unpaired electrons (8n) and holes
(6p) partially compensated by the level E g (Ule = v SleNa5n = vSld(N-Na)5p = Uld)

and level E . (U, = vS2e(N—Na)5n =U the life time Ty = 6n/Uj, + U, and

2d) 2e

Tq = ép/Uld + U,y 1s sharply reduced (Ton ~ 1078 sec) and defined by the follow-

ing correlation

1 'l
= - - K " =
lsleNl -+ vs.e (A Nl) lGl‘ (N*—N‘) (‘ 4-

‘C

I'Sgp (N e .V.) *
‘SloNn )

where Sle’ Sld and S2e are the cross sections of the electron'and hole cap-
ture by the appropriate level (ref. 7). Inasmuch as the level filling in the
temperature range under investigation remains practically unchanged (fig. 2a),

the T temperature dependence is determined by a change in the capture cross

5



section. Annealing the samples at 800°C (curve 3) resulted in an increase of
Tan and change of its temperature dependence. But after the annealing, the
lifetime is no longer determined by the impurities or defects but by the re-
combination, adhesion and capture centers which were originated by the high-
temperature processing during the diffusion of the impurity, and were not
eliminated by annealing at 800°C (ref. 5).

Similar data were obtained in the investigation of the recombination of
the carriers with the Zn, Fe, Pt and S atoms in the samples.

A few words about the kinetics of inactivation. The inactivation rate
varied with different impurities. Thus the concentration of Zn, Au and Pt atoms
annealed at 800°C for 10-20 min was reduced by 60-90 percent, whereas the
concentration of S changed by a similar percentage in two hours. The deacti-
vation of impurities at low temperatures is considerably slower. Thus an-
nealing at 600°C for two hours reduces the concentration of Zn, Au and Pt atoms
by 60-90 percent. An abnormally high annealing rate was observed in the case

of Fe atoms: they were deactivated by annealing at 200°C for 5-10 min.
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Figure 3. Temperature dependence of fixed lifetime
of Tén current carriers in p-type silicon. 1, Before
introduction of Au impurities; 2, after introduction;

3, deactivation of the Au impurity; 4, activation.
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It should be pointed out that, as in the case of Ge (ref. 8) and Gais
(refs. 9 and 10), the impurities deactivated in silicon leave a supersaturated
solution of wvacant positions each of which produces a slightly ionized acceptor
level. The latter may considerably change the electron filling of the lewvels of
the investigated impurities. This complicates the study of the kinetics of im-
purity deactivation following the n, and po change in the samples with a par-
tially compensated impurity level.

In this way, the annealing of the samples with Au, Zn, Pt, Fe and S im-
purities at a temperature different from the temperature at which the impuri-
ties have been introduced changes them from an active state, in which they

produce an effect on n and Tén’ into an inactive state, that is the im-

e’ Po
purities are deactivated. We should point out that this should be taken into
account in the operations connected with the high-temperature treatment of
silicon.

2. Activation of impurities. Cited in figure 2 (curves L) are the /175
typical data illustrating the changing concentration and temperature dependence
of the current carriers occasioned by the transition of the Au, Zn, Pt, Fe and
S dimpurities from an inactive to an active state. Evidently, the result of
the heating of the samples with deactivated Au, Zn, Pt, Fe and S impurities at
temperatures equal to the diffusion temperature of the latter (l,200—l,250°C)
was that the concentration of equivalent current carriers and their temperature
dependence, just as after the diffusion of the investigated atoms, are deter-
mined by the ionization of the levels they have created (curves 4). A similar

situation was observed also at different temperatures, higher than the impurity

deactivation temperature.



Figure 3 (curve b) illustrates the change in the lifetime of the current
carriers Ton produced by the transition of the Au impurity from an inactive to
an active state when annealed at 1,200°C. Evidently the T$, magnitude and
temperature dependence are determined by the recombination on the Au atoms,
Just as immediately after the diffusion of the impurity. The thermal centers
produced by the high-temperature treatment have practically no effect on the
recombination of the current carriers, inasmuch as the recombination rate on
them is considerably slower than on the impurity centers (refs. 7 and 11).

A similar situation was observed during the investigation of the carrier
recombination on the Zn, Pt, Fe and S atoms.

Thus the annealing of the samples with deactivated impurities at tempera-
tures different from the deactivation temperature is conducive to the transi-
tion of the impurities from an inactive state, in which they do not affect
the o> P, and Tén’ to an active state. We should point out that this should
be taken into account in the high-temperature treatment of silicon.

3. A Discussion of the Results. These experiments show that the Au,

Zn, Pt, Fe and S impurities can be changed from an active to an inactive state,
and vice versa, by heat treatment at various temperatures. This can be ex-
plained by the fact that the solubility of the impurities in semiconductors
depends on the temperature (fig. L4, ref. 2). The impurity with a C, solu-
bility introduced into a semiconductor at temperature Tl will remain in a
metastable state at temperature T2 which is different from T

1
its 02 solubility at this temperature will be replaced by the C

, inasmuch as
1 solubility
of the investigated impurity found in the sample.

However, if the semiconductor is kept at temperature T2 for an hour, a 4176

new solubility of the impurity, equivalent to 02 is established. If the
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Figure 4. Temperature dependence of solubility im-

purities in silicon (refs. 2 and 3). 1, Au; 2, Zn;

3, Fe; L4, S.
solubility of the impurity at the annealing temperature is less than the one
in the sample (C2 < Cl), the surplus Cl--C2 spreads to the coagulation cen-
ters which might be volumetric structural defects (dislocations,l vacancies,
the impurity atoms themselves and other atoms), as well as surface defects®
(refs. 13 and 14). This process amounts to a deactivation of Cl—C2 Impurity
atoms at a given temperature. If the impurity solubility Cl at annealing
temperature is higher than the C2 in the sample, and a surplus of knocked-on

atoms is found in the coagulation centers, the Cl-C2 atoms are seen to spread

from the coagulation centers to the lattice points and interstices.

1The dislocation densities in this range from a few to 2.10° cm™2 determined by
the X-ray method (ref. 12)) were not the predominant coagulation centers in
our experiments.

2The resulting effect of the coagulation centers on the surface is that the
impurities of the subsurface layer are deactivated faster than inside. This
should be taken into account when studying the kinetics of the deactivation

processes.



The speed of the establishment of a new equivalent solubility (activation
or deactivation) depends, of course, on the distance between the coagulation
centers and the impurity diffusion factor at a given annealing temperature.
The latter explains the dependence of the deactivation and activation rate on
the temperature and the type of impurity which we have observed (DBOOOC >>

>>
DFe and DA

>
u, 7n, Pt D (refs. 2 and 3).

D6000c? Dru, Zn, Pt, S
We should point out that the concentration of the activated impurity may
be somewhat smaller than the concentration of the impurity introduced at the
same temperature by the diffusion method. This is due to the following. As
we’pointed out earlier, surface defects can also be impurity coagulation
centers, as any type of heat treatment (including diffusion) brings some of
the impurities to the surface. After the heat treatment, we ground off a
500 b thick layer from the surface. Part of the impurity coagulated on the
surface was thus irretrievably lost, and the impurity concentration in the
sample was reduced. Besides, the concentration of impurities was also reduced
by evaporation in the course of high temperature treatment. That is why we
observed an inadequate restoration of the electrical properties of the samples
after their activation in a number of cases (figs. 2 and 3, curves 2 and 4).
In conclusion, we point out that the impurity deactivation phenomenon
was studied in a number of semiconductors: Si (Fe (ref. 15), Ni (refs. 13, 16),
Cu (refs. 1k, 17), Co, Ag, Mn, Ur (ref. 17)); Ge (Ii, Cu (refs. 8, 17), Ni
(refs. 1, 8, 17), Fe, Co (ref. 1), Ag (ref. 18); GaAs (Li (ref. 10), Cu (ref. 9);
cds (Ag, Au, Cu (ref. 19)).
Inasmuch as the deactivation and activation phenomena are similar in nature,

the presence of an activation process should be expected in the case of all

impurities. Thus we observed the activation of a Cu impurity at 85OOC in
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germanium which had been deactivated beforehand at 450°C. We should point out
that the observation of impurity activation in germanium is complicated by the
fact that, unlike silicon, there is not much difference between the solubility
of the investigated impurities and the thermal centers in them.

In conclusion, we will take this opportunity to express our gratitude to
L. I. Datsenko for defining the dislocation density, and the research students
V. O. Miroshnichenko of the Dnepropetrovsk State University and S. I. Khomenko
of the Kiyev Engineering School for their assistance in the preparation and
measurements of the samples.

Summary

The impurities in semiconductors may be found in an active and inactive
state from the boint of view of their effect on the electrophysical proper-
ties of the semiconductors (ref. 1). Annealing at 800°C changes the Au, Zn,
Pt, Fe and S impurities from an active state, affecting the 05, Po and Tg, ,
to an inactive state (figs. 2 and 3, curve 3), that is these impurities are
deactivated. Annealing at 1,200°C the samples containing Au, Zn, Pt, Fe and
S impurities in an inactive state changes them to an active state affecting
the Ny Pg and Tg, (figs. 2 and 3, curves L), that is, these impurities are
activated.

The observable patterns can be explained by the solubility-temperature
dependence of the impurity in the semiconductors (ref. 2). The result of such
a relationship is that the impurities found in the semiconductor at a tempera-
ture different from the temperature at which they were introduced may be in a
metastable state, as their equiponderant solubility is different from the one
in the sample (ref. 1). The establishment of a new state of equilibrium is

connected with the existence of coagulation centers and the infusion of a

11



surplus of impurity atoms, if the equiponderant solubility is lower than the
one in the sample (impurity deactivation), or with the diffusion of the im-
purity atoms from them into the lattice interstices, if the equiponderant

solubility is higher than the one in the sample (impurity activation).
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